Region of interest (ROI) image and video compression techniques have been widely used in visual communication applications in an effort to deliver good quality images and videos at limited bandwidths. Most image quality metrics have been developed for uniform resolution images. These metrics are not appropriate for the assessment of ROI coded images, where space-variant resolution is necessary. The spatial resolution of the human visual system ( H V S ) is highest around the point of fixation and decreases rapidly with increasing eccentricity. Since the ROIs are usually the regions "fixated' by human eyes, the foveation property of the H V S supplies a natural approach for guiding the design of ROI image quality measurement algorithms. We have developed an objective quality metric for ROI coded images in the wavelet transform domain. This metric can serve to mediate the compression and enhancement of ROI coded images and videos. We show its effectiveness by applying it to an embedded foveated image coding system.
INTRODUCTION
Region of interest (ROI) image coding allows the assignment of more bits to the ROIs than other parts of the image. It .is a useful tool for visual communication applications where the available bandwidth is limited. While there has been a large amount of work in uniform resolution image quality measurement, little has been done in the assessment of ROI coded images. Quality assessment method plays an important role in ROI image coding, because image coding is essentially an optimization procedure that maximizes the image quality with a limited number of bits, where the quality metric serves as a guide for bit assignment. The development of This research is supported in part by IBM Corporation, Texas Instrument, Inc., and Texas Advanced Technology Program.
ROI image quality metrics is also very important for the postprocessing or quality enhancement of ROI coded images. However, uniform resolution image quality measurement approaches such as peak signal-to-noise ratio (PSNR) are still inappropriately used for the evaluation of ROI image coding and postprocessing [ 1, 2] .
The motivation of this work is that the human visual system ( H V S ) is highly space-variant in sampling, coding, processing and understanding. The spatial resolution of the HVS is the highest around the point of fixation (foveation point) and decreases rapidly with increasing eccentricity. This feature delivers a natural way to define an image quality measure for the case that the human eyes are fixating at a given point in the image. For example, a foveated PSNR (F-PSNR) metric was proposed in [3] for foveated video compression. By thinking of the ROIs as collections of pixels that are possibly "fixated' by human eyes, a natural ROI image quality metric can be designed that utilizes a foveation model of the H V S .
In this paper, we develop a foveation-based HVS model in the discrete wavelet transform (DWT) domain because wavelet analysis supplies a convenient way to simultaneously examine localized spatial as well as frequency information. A new image quality metric called the foveated wavelet image quality index (FWQI) is then defined for ROI coded images.
FOVEATED WAVELET IMAGE QUALITY MEASUREMENT
The photoreceptors (cones and rods) and ganglion cells are non-uniformly distributed in the retina in the human Given a pixel x in an N pixels wide image, its distance from the foveation point x, is d ( x ) = Ilx -x f 1 1 , (pixels) and its eccentricity is given by e(v,
where v is the viewing distance in image width. In Fig. 1 , where / 3, and pZ are parameters used to control the magnitudes of S , and S , , respectively. We use /3, = 1
and p2 = 2.5. is the wavelet coefficient of the original image at location x , , and Q ( x , ) is the quality value at location x , in the quality index map. Since S(V, x,) varies with v, FWQI of an test image is a function of v, instead of a single value. The above model is developed for the case of a single foveation point. We consider the ROIs as the groups of possibly fixated pixels. This corresponds to the case of multiple foveation points. Our model can easily adapt to this case. Suppose that there are P foveation points in the image, with Si(v, x) for i = 1,2;.., P , then the overall error sensitivity should be given by the maximum value of them: S ( v , x ) = max(Si (v,x) ).
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IMAGE CODING USING THE FOVEATED QUALITY METRIC
SPIHT [lo] is a very efficient progressive wavelet image coding algorithm. We designed a modified SPIHT algorithm and tuned it using the above FWQI model to optimize the foveated visual quality at any given bit rate. We call the new coding algorithm the embedded wavelet image coding (EFIC) algorithm [ l l ] . The encoded bitstream can be truncated at arbitrary places to create reconstructed images with different quality and depth of foveation. Fig. 3 gives the FWQI comparison of the EFIC and SPIHT compressed 8bitdpixel (bpp) "Zelda" images at 0.015265, 0.0625 and 0.25bpp, respectively. FWQI for each image is given as a function of the viewing distance. It can be observed that significant quality gain is achieved throughout the whole range of the viewing distances. Fig.  4 shows the SPIHT and EFIC decoded images. Compared with SPIHT, EFIC provides better foveated visual quality. When sufficient bit rate is available, the EFIC coded image approaches uniform resolution.
CONCLUSIONS
We propose a foveation-based sophisticated ROI image quality metric in the wavelet transform domain. This metric can serve as a very useful tool for foveated ROI image coding and quality enhancement. 
